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Abstract 
In the present study, we monitor the adsorption-desorption kinetics and adsorbed layer 
structure of the bacterial protein flagellin in the presence of Hofmeister salts by a surface 
sensitive label-free optical biosensor (optical waveguide lightmode spectroscopy, OWLS). 
The recorded OWLS data were analyzed by a computer code using a set of coupled 
differential equations modeling the adsorption-desorption process. By supposing reversibly 
and irreversibly adsorbed protein states with different adsorption footprints, the kinetic data 
could be perfectly fitted. We revealed that the proteins adsorbing in the presence of 
kosmotropic salts had smaller footprints, leading to a more oriented and densely packed layer. 
Kosmotropic salts increased both the adsorption rate constant and the transition rate constants 
from the reversibly to the irreversibly adsorbed state. In contrast, chaotropic salts increased 
the desorption rate constant and led to decreased adsorbed mass and a more loosely packed 
film. Neither circular dichroism spectroscopy in bulk solutions or Fourier transform infrared 
spectroscopy of surface-adsorbed flagellins could reveal significant structural changes due to 
the presence of the Hofmeister salts, and supported our conclusions about the adsorption 
mechanism. Based on the measured kinetic and structural data (footprints of adsorbed 
proteins), we developed a model to calculate the protein-water-substrate interfacial tension in 
the presence of Hofmeister salts, and compared the experimentally obtained values with 
related literature data. The calculated values are consistent with previously published data of 
surface tension changes, and - to the best of our knowledge - represent the first experimental 
results for this quantity. 
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1. Introduction 
The proper control of interfaces between artificial devices and biomaterials is a key issue in 
modern biological and medical sciences. Biofunctionalized surfaces, that play a vital role in 
various biosensor and drug delivery applications, are expected to provide high specificity 
toward the target molecules, and at the same time should not show any non-specific binding. 
In view of these challenging requirements, we have recently suggested and accomplished a 
procedure for coating of solid surfaces by flagellin molecules. Flagellins are the building 
blocks of bacterial flagellar filaments. The filament is composed of thousands of flagellin 
subunits. Flagellin consists of 4 domains: D0, D1, D2, and D3. Both terminal regions of the 
molecule (forming D0 and partly D1) are disordered in the monomeric form 1. These regions 
are rich in hydrophobic amino acids and play an important role for effective and fast self-
assembly by hydrophobic interactions to form flagellar filaments 1. Polymerization of 
flagellin is accompanied by an ordering of the terminal regions into α-helical bundles in the 
inner core of the filaments. Note, these disordered regions are expected to easily adapt to the 
local environment. As we have shown, flagellin does not preferentially adsorb on hydrophilic 
substrates, but very rapidly forms an oriented, dense and stable monolayer on hydrophobic 
surfaces, where the hypervariable D3 domain is oriented towards the solution 2,3. It presents a 
repellent surface coating to bacteria or cancer cells 3,4. Moreover, appropriate modifications of 
the D3 domain by genetic engineering can also be used to fabricate specific recognition sites 
for a wide range of targeted analytes 3,5–7. 
For practical applications, the orientation of flagellin molecules and their surface coverage 
should be maximized and well-controlled. To this end, understanding the main factors 
determining the interactions of flagellin domains with surfaces is of pivotal importance. Since 
the formation of the flagellin layer takes place in a complex, aqueous environment, 
hydrophobic interactions are assumed to play a dominant role. (Note that we use the term 
„hydrophobic interaction” in a very general sense, namely, by quantifying it with the change 
of the interfacial term of the Gibbs free energy by unitary surface change taken place upon the 
interaction: ∆G/∆A, i.e., a sort of interfacial tension: γ, assuming that the hydrophobic effect 
is proportional to the solvent-exposed surface area 8–10.) On the other hand, “kosmotropic” 
(water-structure making) and “chaotropic” (water-structure breaking) co-solutes (neutral salts) 
are known to modify protein interactions, called Hofmeister effects 11,12, via affecting the 
interfacial tension of macromolecules 13,14. A plethora of experimental studies proves that 
such “Hofmeister salts” can affect protein structure, function, and aggregation 15–20. It was 
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shown that kosmotropic anions (F-, CH3COO
-, SO4
2-, etc.) increase, while chaotropic ones 
(Br-, I-, SCN-, ClO4
-, etc.) decrease the effective protein-water interfacial tension (γ) 14,21. 
Earlier studies indicate that these ions influence the adsorption process of globular proteins to 
solid surfaces as well 22,23. Hofmeister effects on the film-forming properties of such a 
complex, anisotropic and amphiphilic protein as flagellin, however, have not been 
investigated in detail, yet. 
In this paper, we have studied how Hofmeister salts affect the morphological properties of 
thin flagellin films, and provide indirect evidence that flagellin adsorption to a hydrophobic 
surface is mainly governed by hydrophobic effects” (i.e., by surface terms of the Gibbs free 
energy). To monitor the adsorption process optical waveguide lightmode spectroscopy 
(OWLS) was used. OWLS utilizes two modes of the light passing in the waveguide: the 
transversal electric (TE) and magnetic (TM) modes which provide information not only about 
the amount but on the anisotropy of the adsorbed layer as well. OWLS is also perfectly suited 
to analyze adsorption-desorption processes with high resolution 24–26. We show that 
kosmotropic salts increase flagellin packing density and molecular orientation, while 
chaotropic ions act in the opposite direction. To analyze the data and to determine the key 
parameters of the adsorption-desorption process, we set up two kinetic models (a parallel and 
a consecutive) based on a series of coupled differential equations. Importantly, not only the 
rate constants of the adsorption-desorption processes were fitted, but our model allowed to 
determine the footprints of the adsorbed proteins at the nanometer scale. Circular dichroism 
spectroscopy (CD) and Fourier transform infrared experiments in attenuated total reflection 
mode (FTIR-ATR) have been used to detect conformational changes of flagellins upon 
adsorption to solid surfaces under the effect of the presence of characteristic Hofmeister salts. 
Based on the fitted kinetic rate constants of the processes and the adsorbed molecular 
footprints, we set up a model to first experimentally derive a quantitative value of the protein 
interfacial tension (PIT). PITs are useful parameters to interpret Hofmeister phenomena, such 
as, e.g., cosolute-induced changes of aggregation and conformational states, or related 
alteration in protein function, where protein-water interfacial tension (γpw) can be considered 
as the main driving force of the effects 13,14 . 
Analogously, the interaction of proteins with various substrates, which can either be 
molecular ones (such as cofactors, lipids, nucleic acids and other proteins) or macroscopic 
solid surfaces (like in the case of adsorption processes) are expected to be understood on the 
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phenomenological level using a more complex PIT, the protein-water-substrate interfacial 
tension (γpws). We define this quantity as the specific work of adhesion, i.e., γpws = ∆G/∆A, 
where ∆G and ∆A stand for molecular changes of the Gibbs free energy accompanying the 
interactions and water-exposed surface area change upon the protein adsorption process, 
respectively. Since γpws, alike surface tensions in general, represents an interfacial energy 
density, we call it, hereafter, interfacial tension. Note that while in protein aggregation the 
pairwise interacting surfaces are considered to be identical (and ∆G is called cohesion 
energy), during surface adsorption they are usually different. Nonetheless, γpw can be 
considered as a special case of the generalized PIT, γpws, which quantifies the strength of the 
hydrophobic interaction between protein and substrate. It should depend on the 
hydrophobic/hydrophilic properties of both the substrate and the protein, as well as on the H-
bonding properties of water itself, which are modulated by the Hofmeister salts. As we show 
later in this work, γpws = (γpw + γsw - γps),  where indices refer to the phases (p: protein, w: 
aqueous solution, s: substrate) involved in the pairwise interfacial tensions, respectively.  
We determined γpws values to characterize the interaction of flagellins with a silanized surface 
in various kosmotropic and chaotropic salt solutions, giving a simple clue to interpret the 
protein adsorption process. 
In addition to their significance in applied biosensors, the results are expected to have 
important implications in basic surface science, as well, by revealing some aspects of the 
adsorption kinetic and protein dynamic processes taking place at complex bio-interfaces. 
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2. Materials and Methods 
2.1. Employed Hofmeister solutions 
We applied different salts to influence the protein adsorption: Na2SO4, NaF, CH3COONa 
(hereafter NaOAc) (kosmotropic), NaCl (neutral), NaBr, NaI, NaClO4 (chaotropic), 
respectively. During the experiments Hofmeister salt concentrations were 720 mM in the 
presence of 1x PBS at pH 7.4. 
 
2.2. Surface modification 
The surface modification of the sol-gel SiO2-TiO2 planar optical waveguides (MicroVacuum 
Ltd., Hungary) started with a standard cleaning protocol: the chips were soaked for 3 min in 
chromosulfuric acid (VWR International), rinsed in Milli-Q ultrapure water, immersed into 
1 M KOH solution, and then rinsed in copious amounts of ultrapure water. This procedure 
yielded hydrophilic surface. 
The hydrophobicity of surfaces was increased with hexamethyldisilazane (HMDS, Alfa 
Aeasar) treatment using xylene reflux. The employed protocol resulted in water contact angles 
of 90–95○ 2. 
 
2.3. Contact angle measurement 
Water contact angle measurements were carried out at room temperature. Water drops of 
~5 µl were deposited on the surface and left to be stabilize in a closed chamber saturated with 
water vapor before the image was taken. The DropSnake method was used to calculate the 
contact angle 27. 
 
2.4. Flagellin preparation and solutions 
Filament samples from Salmonella cells were prepared as described earlier 28. Purified 
filaments were dissolved in 10 mM PBS at 5 mg/ml concentration. Heat treatment (15 min 
incubation at 70 ºC) of the filament induces depolymerization and results in monomeric 
flagellin units. The solution was centrifuged through a 100 kDa filter (Millipore, UFC510008) 
to remove aggregates or fragments of filaments still remaining in the sample. Flagellin was 
diluted with the appropriate 900 mM salt solution (limited by the solubility of NaF) to a final 
concentration of 1 mg/mL in 720 mM salt. 
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2.5. Optical waveguide lightmode spectroscopy (OWLS) 
We applied the OWLS 210 (MicroVacuum Ltd., Hungary) temperature controlled instrument 
to monitor the surface adsorption of the proteins. The sensing principle of OWLS is based on 
the evanescent waves of the guided light. The evanescent field extends a few hundred 
nanometers above the waveguide surface with a penetration depth of around 100 nm. This is 
used to probe the change in local refractive index in the proximity of the sensor surface 29. 
Recording the effective refractive index values (NTE, NTM) during the adsorption of protein 
molecules onto the waveguide surface, the refractive index (nA) and the thickness (dA) of the 
adsorbed layer can be simultaneously determined. The surface mass density (M) can be 
calculated using the calculated nA and dA data and the de Feijter’s formula 
30 
 =	  − 	

	
 (1) 
where nC is the refractive index of the cover medium, dn/dc is the refractive index increment 
of the buffer medium containing the adsorbing molecules (usually 0.18 cm3/g is used for 
protein adsorption studies). 
The experiments were carried out at 25 ºC on previously silanized sensor chips. Both the 
buffer and sample solutions were injected into the flow-through cuvette using an Ismatec 
Reglo Digital peristaltic pump having 8 rollers at a constant flow rate of 1 µl/s. After 
obtaining a stable buffer baseline, the flagellin solution was introduced into the cuvette for 
30 min which was followed by another 30 min buffer wash. All experiments were repeated at 
least three times. 
 
2.6. The basics of the kinetic modeling 
In order to model the flagellin adsorption and desorption, the following two models were 
tested. We have developed a MATLAB code to fit the equations. These models were 
originally developed by Ramsden and co-workers 31–33. The consecutive model supposes a 
reversibly adsorbed molecular state which can desorb or transform to an irreversibly adsorbed 
state. In contrast, no surface transformations are supposed in the parallel model, the molecules 
can readily adsorb from solution to an irreversible or a reversible molecular state. 
 
Parallel model 
In case of the parallel model the net rates of the protein adsorption of the reversible and 
irreversible forms are the following: 
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d
d = Φ−  (2) 
d
d = Φ (3) 
We suppose that the protein can adopt two types of adsorbed states on the surface. The first 
state refers to reversibly adsorbed molecule with a total protein mass of Mr. The other state is 
that of the irreversibly adsorbed molecules, having a total mass of Mi. Molecules from the 
close vicinity of the surface adsorb reversibly with a kinetic rate constant of ka. The reversibly 
adsorbed molecules can leave the surface back to the bulk with a desorption rate constant of 
kd. The molecules adsorb irreversibly to the surface with a kinetic rate constant of ki. In the 
following expressions, cv denotes the protein concentration in the diffusion boundary layer, Φ 
is the so-called available area function, which was obtained from numerical simulations 31 
 = 1 − 

1 − 0.812 ∙  + 0.2336 ∙ $ + 0.0845 ∙  (4) 
 
 = 1
Θ∞
' (/* +

(/*+ (5) 
 
Here, Θ is the fraction of total area occupied by adsorbed protein, Θ∞ is the saturation 
coverage (Θ∞ = 0.58 from numerical simulations for molecules with spherocylinderic 
footprint 34), m is the mass of a single protein, ai and ar are the footprints of the reversibly and 
irreversibly adsorbed molecules, respectively. The concentration above the adsorbing 
interface (cv) is calculated from the following differential equation 
24,35: 
d
d =
1
, -.
/012 − 
, +  −  + Φ3 (6) 
where δ is the thickness of the diffusion boundary layer, D is the diffusion coefficient of the 
protein (D = 0.74 cm3/g for flagellin), cbulk is the concentration of the injected protein 
solution. 
The thickness of the diffusion boundary layer is calculated using the following expression 24: 
, = '32+
$ 4 '.	 ∙ 	5	67 +
8 4
 (7) 
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where C is the factor determined by the size of the tube (C = 14.753 mm4 calculated based on 
the cuvette geometry), and v0 is the flow rate of the solution (v0 = 1 µl/s). 
During the fitting of the above differential equations the free parameters were the following: 
ka, kd, ki, ai, and ar. 
 
Consecutive model 
In case of the consecutive model, the net rates of the adsorption corresponding both to the 
reversible and irreversible forms are the following 32,33: 
d
d = Φ−  −  (8) 
 
d
d =  (9) 
Molecules from the close vicinity of the surface adsorb with a kinetic rate constant of ka. The 
reversibly adsorbed molecules can either leave the surface moving back to the bulk with a 
desorption rate constant of kd or can transform to irreversibly adsorbed state with a rate 
constant of ki. 
The concentration above the adsorbing interface is calculated from the following differential 
equation: 
d
d =
1
, -.
/012 − 
, +  − Φ3 (10) 
 
2.7 Circular dichroism spectroscopy 
Far-UV CD spectra were recorded at room temperature in the range of 200-260 nm using 
standard procedures. The measurements were performed in 1 mm cylindrical quartz cells with 
a Jasco J-720 spectropolarimeter. Flagellin samples were measured at 0.5 mg/ml protein 
concentration. 
 
2.8. Fourier transform infrared spectroscopy 
Fourier transform infrared spectra were recorded with a Bruker Wertex70 spectrometer 
equipped with a Platinum Diamond single-reflection ATR unit. Infrared spectra were 
calculated from 128 co-added interferograms of 2 cm-1 spectral resolution, detected by a 
liquid nitrogen-cooled MCT detector. 
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The infrared spectra of the adsorbed flagellin were obtained from samples prepared as 
follows: a droplet (3-5 µl) of the protein solution was placed onto the silanized (hydrophobic) 
surface, which was left for 3 min in order to deposit the flagellin layer, and then the bulk of 
the droplet was withdrawn by a pipette. The remaining spot of the droplet was washed twice 
with 20 µl solution of the respective salt, in between, and at the end the excess volume was 
withdrawn by a pipette. The wet surface of the flagellin spot was then pressed against the 
diamond, and its single beam spectrum was taken. Here, care has to be taken of rather quick 
work because the very small volume of the D2O of the sample is quickly adsorbing water 
from air. Within a few minutes before the complete drying, not only HOD bands, but the H2O 
deformation band at around 1642 cm-1 can appear, thus spoiling the protein structure 
determination. Therefore, in the presented experiments the washed sample was immediately 
placed onto the diamond crystal. Once on the crystal, we could not observe H2O 
contamination in the samples. 
Prior to each sample measurement, the diamond crystal was thoroughly cleaned with water 
and chloroform, and a reference single beam spectrum was recorded (the cleanness of the 
diamond was checked by comparing the consecutive reference spectra). The absorption 
spectra shown in the paper were calculated from the single beam diamond and sample spectra 
taken them as background and foreground, respectively. 
For spectrum analysis, the amide I-II regions (1800-1500 cm-1) were cut out; a linear baseline 
was fitted to the endpoints of the region and then subtracted. Afterwards the spectra were 
normalized and fitted with Gaussian component bands. All post-record spectral manipulations 
were performed with the SPSERV (Cs. Bagyinka, BRC, Szeged). 
  
Page 10 of 35
ACS Paragon Plus Environment
The Journal of Physical Chemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
11 
 
3. Results and Discussion 
3.1. Surface adsorption of flagellin monitored by OWLS: surface adsorbed mass 
densities 
First, the optogeometrical parameters of the formed flagellin layers were calculated in time 
based on the recorded OWLS data. Note, the refractive index of the adlayer is increased from 
kosmotropic to chaotropic salt (see details later). Next, surface mass densities (as described in 
Eq. 1) were determined for flagellin adsorbed in the presence of different Hofmeister salts 
(Fig. 1). As a reference, the adsorption in the presence of the Hofmeister-neutral NaCl was 
also considered. It was found that the kosmotropic Na2SO4, NaF and NaOAc salts increased 
the surface mass densities. In contrast, the chaotropic NaI, NaClO4 and NaBr salts decreased 
the surface mass densities (see Fig. 1). 
 
 
Figure 1 Representative curves of the adsorbed protein surface mass densities in the presence 
of Hofmeister salts. The kosmotropic salts (red toned) increased the surface mass, while 
chaotropic salts (blue toned) decreased the surface mass compared to the Hofmeister-neutral 
NaCl salt (grey). The numbers on the top indicate the following experimental phases: 1: 
buffer for recording the baseline, 2: injection of flagellin solution, 3: washing with buffer. 
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The effect of the salts is even more evident in Fig. 2 where the surface adsorbed masses at the 
adsorption plateau (just before the washing, Mplateau) and at the end of the washing phase 
(Mremained) are plotted. Compared to the NaCl data, the kosmotropes increased the surface 
mass densities, while the chaotropes decreased them. 
 
Figure 2 Mremained and Mplateau values (extracted from the adsorption curves shown in Fig. 1) 
for the different salts studied. Note, that Hofmeister effect is clearly visible both in the plateau 
and the remaining values of the adsorbed flagellin masses. Both are decreasing in tendency 
when moving from the kosmotropic salts toward the chaotropic ones. 
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3.2. The effect of Hofmeister salts on the internal structure of dissolved and surface 
adsorbed flagellin 
CD and FTIR studies were performed to see the effect of Hofmeister salts on the structure of 
flagellin in solution, and to reveal possible conformational changes upon adsorption onto 
hydrophobic surfaces. The CD spectra recorded in the presence of various Hofmeister salts 
were very similar (Fig. 3a) indicating that the salts applied had no significant effect on the 
structure of flagellin in solution. The measured spectra are virtually identical to the CD 
spectrum of flagellin reported earlier 36, and they are characteristic of a protein containing a 
significant amount of α-helical secondary structure. The D1 domain of flagellin is known to 
be largely α-helical while the D2-D3 domains are dominated by β-strands 1. The D0 domain, 
composed of the N- and C-terminal regions of the molecule, has no folded structure in 
solution but its unstable helical segments also contribute to the observed CD signal 36. 
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Figure 3 (a) The effect of the Hofmeister salts in solution on the flagellin structure measured 
by CD spectroscopy. The measurements were done in 10 mM PBS (pH 7.4) containing the 
kosmotropic NaF (red), the neutral NaCl (grey) or the chaotropic NaClO4 (blue) at 720 mM 
concentration. (b) Fourier transform infrared spectra of the Amide I regions of flagellin in 
bulk solution measured over a diamond crystal in the presence of kosmotropic (NaF, blue) 
and chaotropic (NaClO4, red) Hofmeister salts; (c) after adsorption onto a silanized glass 
surface in the presence of the same Hofmeister salt-containing solutions. 
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FTIR spectroscopy was used to study conformational changes related to the surface 
adsorption of flagellin. As a reference, infrared spectra were first recorded in solution in the 
presence of the highly kosmotropic and chaotropic NaF and NaClO4, respectively above the 
diamond surface of the ATR cell (Fig. 3b). For both salts, the Amide I region exhibited a 
dominant peak at around 1650 cm-1, what is slightly shifted toward lower frequency in the 
presence of the kosmotropic NaF suggesting subtle conformational rearrangements 
presumably in the highly flexible terminal regions of flagellin. The component at around 
1580 cm-1 is assigned to the combination band of D2O (ν2 + vibration). Flagellin samples were 
prepared by heat-induced depolymerization of filament samples dissolved in D2O containing 
buffers, but the extent of the H-D exchange was not controlled in our experiments. Fig. 3c 
presents FTIR spectra of flagellin obtained after adsorption onto the hydrophobic surface in 
the presence of NaF or NaClO4. The close similarity of the spectra in Fig. 3b and c in the 
Amid I region demonstrates that adsorption of flagellin onto the hydrophobic surface did not 
cause significant structural change of the molecule. 
Our CD and FTIR experiments demonstrated that the solution structure of flagellin was not 
significantly influenced by the kosmotropic or chaotropic salts. Our previous study revealed 
that adsorption of flagellin to a hydrophobic surface in PBS was mediated by the disordered 
terminal regions of the molecule 2. These regions assemble into amphipathic helical bundles 
upon polymerization, and hydrophobic interactions between these helical bundles govern 
subunit interactions within the filament core 1. Our preliminary expectation was that the 
terminal regions of flagellin are also stabilized into an α-helical conformation when they 
interact with a hydrophobic surface. However, our FTIR results clearly showed that this was 
not the case. Helical structures are known to contribute to the FTIR signal mainly in the 1648-
1654 cm-1 region while random protein structures give a contribution around 1643 cm-1 37. 
Therefore, helical stabilization of the terminal regions should result in a spectral shift towards 
higher wavenumbers. On the contrary, in the presence of the highly kosmotropic NaF which 
is expected to strengthen hydrophobic interactions, we observed the opposite effect. It seems 
that NaF promotes the attachment of flagellin to the silanized surface by inducing subtle 
rearrangements in the terminal regions which lead to the maximization of the hydrophobic 
contacts with the silanized glass surface. 
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3.3. Rate constants and adsorbed molecular footprints obtained from the kinetic 
modeling  
Fig. 4a shows the typical concentration profile in the bulk and in the diffusion boundary layer 
analyzed using the parallel model. Note that the consecutive model gives the same results 
(data are not shown). The results of the kinetic model fits are shown in Fig. 4b and c for two 
typical adsorption-desorption curves. Fig. 4b represents the effect of the kosmotropic salt, 
NaF. NaF increased the measured irreversibly adsorbed protein surface mass density to 168 
ng/cm2. It was found that a significant proportion of the adsorbed protein binds irreversibly to 
the hydrophobic surface. The kinetics of flagellin adsorption in the presence of the chaotropic 
NaClO4 is shown in Fig. 4c. Here, the irreversibly adsorbed flagellin mass reached only a 
value of 50 ng/cm2, which is 3.4 times less than in case of the kosmotropic NaF. 
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Figure 4 Adsorption-desorption kinetics of flagellin in extreme kosmotropic (NaF) and 
chaotropic (NaClO4) solutions evaluated using the parallel model. (a) Calculated 
concentration profile of the bulk (cbulk) and the diffusion boundary layer (cv) in the presence 
of NaClO4 salt. Flagellin adsorption curves (orange - measured, black - fitted, green - 
reversibly, cyan - irreversibly adsorbed surface mass density) in the presence (b) of the 
kosmotropic NaF and (c) of the chaotropic NaClO4. The numbers on the top of the panels 
indicate the following experimental phases: 1: starting buffer for recording the baseline; 2: 
administering flagellin solution; 3: washing with buffer. 
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All kinetic parameters obtained using both the parallel and the consecutive model are shown 
in Fig. 5 and summarized in Table S1 (see in Supplementary Document). 
In case of the parallel model, the ka and ki values decrease from kosmotropic to chaotropic 
salts (Fig. 5a and c). The kd values increase from kosmotropes to chaotropes (Fig. 5b). The 
consecutive model demonstrates the same tendency for ka and kd values (Fig. 5d and e). The ki 
values do not show a clear tendency (Fig. 5f). 
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Figure 5 The effect of the Hofmeister series on the reversible adsorption (ka), the dissociation 
(kd), as well as the irreversible adsorption (ki) rate constants when using (a, b, c) the parallel or 
(d, e, f) the consecutive model for their calculation. 
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Another parameter of the adsorbed protein is the footprint, which refers to the average area 
occupied by an adsorbed molecule. The footprints of the reversibly (ar) and irreversibly (ai) 
adsorbed flagellin molecules are shown in Fig. 6. Their numerical values are summarized in 
Table S2. It can be seen that both the reversibly and the irreversibly adsorbed footprint of the 
flagellin increases from kosmotropes to chaotropes in case of both the parallel and the 
consecutive models. 
 
 
 
Figure 6 Change of the footprints of reversibly and irreversibly adsorbed flagellin molecules 
from kosmotropic salts (NaF, Na2SO4, NaOAc) to chaotropic salts (NaBr, NaI, NaClO4) in 
case of (a, b) the parallel as well as (c, d) the consecutive model. 
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3.4. Adsorbed protein layer structure during the adsorption and desorption process 
In the following, we investigate in detail the structural changes occurring in the formed 
protein layer during the adsorption and desorption processes. Our previous work already 
indicated that flagellin adsorbs on hydrophobic surfaces in an oriented manner, namely, 
through the disordered terminal regions 2. However, experiments conducted with a truncated 
flagellin variant (F40), missing the disordered regions, also revealed a significant surface 
adsorption, but, with a much slower adsorption rate. This observation indicates that besides 
the disordered region other parts of the protein can also play a role in the adsorption process. 
We, therefore concluded that when the disordered region is present, the adsorption is 
dominant through this part of the protein in the presence of a Hofmeister-neutral salt 2. 
It has to be noted; CD and FTIR experiments suggested that the folded structure of flagellin is 
only marginally affected by the Hofmeister salts or by adsorption onto hydrophobic surfaces. 
On the other hand, the previously detailed results revealed, that Hofmeister salts have a strong 
influence on the adsorption process and both the kinetic rate constants and adsorbed 
molecular footprints are strongly influenced. These results indicate that most probably the 
surface orientation, and not the internal structure of the molecule is affected by the Hofmeister 
salts. 
This hypothesis is fully supported by investigating the quasi-homogeneous and isotropic 
refractive index of the adsorbed molecular layer 25 (see Fig. 7). The effect of Hofmeister salts 
can be clearly seen on the variation of refractive index. From kosmotropes to chaotropes the 
indicated birefringence turns from slightly positive to significantly negative 2,25,26. This can be 
an indication that while in kosmotropic salts the molecules are oriented towards the surface by 
their terminal regions, in chaotropic salts a laid down arrangement is preferred. The 
previously obtained molecular footprints and Fig. 8 strongly support this conclusion. 
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Figure 7 Variation of the refractive index of the flagellin layer along the Hofmeister series. 
Moving from kosmotropic to chaotropic salts the measured birefringence turns from slightly 
positive to significantly negative. 
 
In Fig. 8 the side and top view of the flagellin molecule are shown. The calculated footprint of 
the top view is approximately 24 nm2, while the footprint of the side view is 49 nm2, in good 
agreement with the above results. Note, the footprint values obtained from the kinetic 
modeling smaller than 24 nm2 indicate a very densely packed layer, and can be attributed to 
the slight tilt of the surface showed in Fig. 8b with respect to the surface of the biosensor. 
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Figure 8 Side (a) and top view (b) of the flagellin molecule. The surface of the protein is 
colored according to the local charge, from red (-) to blue (+) scale. The parts close to the 
white show the hydrophobic regions. The footprint of the top view is approximately 24 nm2, 
while the footprint of the side view is 49 nm2. 
 
The results of the above findings are summarized in Fig. 9, where the preferred molecular 
orientations in the various adsorbed states are shown. In short, the salts are mainly influence 
the preferred adsorption surface in the various molecular states. In case of kosmotropic salts, 
flagellin adsorbs through its disordered terminal regions via hydrophobic interaction and an 
oriented adsorbed layer is obtained. Lateral hydrophobic interactions between the D1 domains 
of the subunits, as observed in the filament, might also play a role in the stabilization of the 
oriented layer. (Fig. 9 upper inset). But, in chaotropic salts the hydrophobic interaction is 
weakened and the laid down molecular orientation becomes dominant. Flagellin molecules lie 
on the longitudinal axis on the surface resulting in a significantly larger adsorbed footprint 
(see Fig. 9 bottom inset). 
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Figure 9 Schematic illustration of the adsorption kinetics of flagellin proteins on a 
hydrophobic surface (regarding the dimensions, the blue arrow refers to cm/s, while the red 
arrow to 1/s, respectively). (a) The kosmotropes (Na2SO4, NaF, NaOAc) increase the 
irreversible adsorption of the flagellin. The footprint of the protein suggests that the flagellin 
D0 domain interacts with the hydrophobic surface. (b) The chaotropes (NaBr, NaI, NaClO4) 
increase the dissociation of the flagellin. The footprint of the protein suggests that the flagellin 
lies along its longitudinal axis on the surface. 
Upper inset shows the supposed interactions between the flagellin and the surface, and the 
interactions between the proteins. Bottom inset represents the interactions between the laid 
down flagellins and the surface.  
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3.5 A simple model to determine the protein-water-substrate interfacial tension in the 
presence of Hofmeister salts 
 
The above results can be used to estimate the protein-water-substrate interfacial tension (γpws) 
of the flagellin protein related to the adsorption process, and its dependence on the Hofmeister 
salts. We define this new type of surface tension as the specific work of adhesion/adsorption 
during the protein adsorption process as follows.  
 
One can write for the work of adsorption (Gibbs free energy change characterizing the 
adsorption process) 
∆9: = 	∆9;< + ∆9:< + ∆9;: ,                                            (11) 
where ∆9;<,∆9:<	and	∆9;:	are	the	free energy changes at the protein-water (protein-
solvent), substrate-water (substrate-solvent) and protein-substrate interfaces. Supposing that a 
surface adsorbed protein has an area Aads in contact with the substrate and this area was fully 
exposed to the solvent in the dissolved state before adsorption (Therefore, Aads area is 
disappearing at the protein-water and substrate-water interfaces, and Aads area is appearing at 
the protein-substrate interface upon the protein adsorption process), one can write 
∆9: =	−D;<E:−D:<E: + D;:E: ,                                 (12) 
where D;<, D:<	and	D;: are the protein-water, substrate-water and protein-substrate 
interfacial surface tensions, respectively. Therefore, eq. 12 can be written as  
∆9: = 	−D;< + D:< − D;:	E: =	−D;<:	E:                      (13)     
where D;<: is the introduced protein-water-substrate surface tension (γpws = (γpw + γsw - γps)). 
 
The adsorption and desorption are thermally activated processes and one can write the 
following equation 

 ∙ 	 = 	 F
G∆HIJKLM∙N  (14) 
where kB is the Boltzmann constant, T is the absolute temperature. Note, the appearance of 
the d factor, characterizing the thickness of the surface layer, is due to the conversion of ka 
with dimensions of cm/s to ka' with dimension of 1/s. (This simple term converts the volume 
concentration to surface concentration in a straightforward manner and must be introduced 
due to the different dimensions of ka and kd. Simply, proteins closer to the substrate surface 
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than d are considered to be surface adsorbed. For example, according to this conversion the 
adsorption term in Eq. 2 is modified to O 	∙ [ ∙ ;] 	 ∙  , with O = RI	 .) 
Therefore, after rearrangement one obtains 
∆	9: = −	S ∙ T	 ∙ ln  ∙ 	 (15) 
d = 10 nm was employed in the numerical calculations, which value is a reasonable 
approximation of the thickness of the surface adsorbed protein layer. (Note, the calculations 
were also performed with two additional values (5 nm and 20 nm), which resulted only in 
slight differences in the ∆Gads values.) 
From Eq. 15 one obtains the following equation for γpws by using its above definition  
(∆9: = −	D;<: ∙ E:	): 
DVWX = 	kZ ∙ TE: ∙ ln

 ∙ 	 (13) 
where E:A is the adsorption surface area, supposed to be equal to ar in further calculations. 
Fig. 10 shows the dependence of ∆Gads and γpws on the employed Hofmeister salts. 
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Figure 10 (a, c) Calculated Gibbs free energy difference of the adsorbed and desorbed states 
and (b, d) protein-water-substrate interfacial tension in the presence of Hofmeister salts 
supposing parallel and consecutive kinetic models to analyze the OWLS data. 
 
It is apparent that, within the error, both models yielded the same results for the interfacial 
tension values that essentially follow the Hofmeister series. The only outlier, fluoride slightly 
deviates from the expected trend, which might be attributed to specific interactions with the 
protein surface. In general, it can be established that the salt-dependence of all the essential 
measured quantities (adsorbed mass, kinetic constants, footprints, etc.) follows the tendency 
of the interfacial tension plots: kosmotropic salts increase γpws that accompanies with higher 
adsorbed mass and order parameter, while chaotropic salts exert opposite effects. These 
observations, together with the model-independence of γpws values, suggest that, similarly to 
the role of protein-water interfacial tension in the interpretation of conformation-related 
phenomena, protein-water-substrate interfacial tension can be considered as a central 
parameter in the phenomenological description of protein adsorption processes. 
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To our knowledge, this is the first time when explicit, quantitative experimental data are 
shown for the absolute value of a protein interfacial tension, namely the protein-water-
substrate interfacial tension. Note that, this quantity depends on the water-exposed protein 
surface (i.e., the hydrophobic/hydrophilic nature of the amino acids at the interface), the 
nature of the substrate, and the quality and quantity of dissolved cosolutes, as well. In spite of 
the technical and conceptual difficulties in determining interfacial tension under microscopic 
conditions 13, protein-water interfacial tension is considered a key parameter to describe 
Hofmeister effects and hydrophobic interactions at protein surfaces, in general 14. A higher 
value implies tighter protein conformation, and increased susceptibility to aggregation and 
adsorption to hydrophobic surfaces. The latter process, however, is more complex, because 
the hydrophilic/hydrophobic properties of the substrate should also be taken into account; 
hence, it is characterized more precisely with the protein-water-substrate interfacial tension 
(γpws). As for the related quantity, the protein-water interfacial tension (γpw), only relative 
values have been published so far, obtained either from numerical simulations of the Trp-cage 
miniprotein 21 or from cloud-point measurements on lysozyme 38. Both studies revealed molar 
salt-induced changes of the protein-water interfacial tension in the order of a few mN/m, in 
concert with the order and tendency of our data. Note that theoretical and experimental studies 
of Hofmeister effects at various macroscopic surfaces also established "interfacial tension 
increment" values consistent with our results 39,40, respectively. 
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5. Conclusions 
In this work we studied the effect of Hofmeister salts on the structure and surface adsorption 
kinetics of wild-type flagellin. Based on our OWLS measurements the kosmotropic Na2SO4, 
NaF and NaOAc salts and the chaotropic NaI, NaClO4 and NaBr salts have different effect on 
the surface mass densities compared to the Hofmeister-neutral NaCl. The kosmotropes 
increased the surface mass densities in contrast to the chaotropes, which decreased them. 
CD and FTIR experiments revealed the effect of Hofmeister salts on the structure of flagellin 
in solution and the conformational changes upon adsorption onto hydrophobic surfaces. We 
investigated the effect of the highly kosmotropic and chaotropic NaF and NaClO4. The results 
show that the applied salts do not significantly influence the secondary structure of flagellin in 
solution. 
To determine the kinetic parameters of protein adsorption and desorption we used a 
home-developed MATLAB code fitting protein adsorption models previously developed by 
Ramsden 31–33. The employed parallel and consecutive models showed the same type of 
behavior for the ka and kd values. Considering the ki values, the parallel model demonstrated a 
decrease when moving from kosmotropic to chaotropic salts, while the consecutive model did 
not show a clear tendency. The adsorbed protein footprint of the individual flagellin 
molecules were also determined by the kinetic modeling. We obtained that the reversibly and 
the irreversibly adsorbed footprint of the flagellin increases when moving from kosmotropes 
to chaotropes. 
CD and FTIR experiments showed that the salts do not influence the protein structure in 
solution and on the surface. In contrast, our data show that the salts have a strong influence on 
the adsorbed mass, the kinetic rate constants and the adsorbed molecular footprints. These 
results suggest that most probably the surface orientation, and not the internal structure of the 
molecule is affected by the Hofmeister salts. We analyzed the quasi-homogeneous and 
isotropic refractive index of the adsorbed molecular layer and the results obtained supported 
this hypothesis. From kosmotropes to chaotropes the indicated birefringence turns from 
slightly positive to significantly negative. We concluded that in case of the kosmotropic salts 
the molecules are oriented towards the surface by their terminal regions, while in chaotropic 
salts the protein lie down on the surface with a significantly increased adsorption molecular 
footprint; the salts influence the preferred adsorption surface of the protein. Therefore, the 
Hofmeister salts influence protein orientation and the structure of the adsorbed layer. 
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The experimentally obtained kinetic parameters and molecular footprints gave the unique 
possibility to build a simple model to calculate the protein-water-substrate interfacial surface 
tension at the nanometer scale in the presence of various Hofmeister salts. The calculated 
values are consistent with previously published data of surface tension increments, and - to 
the best of our knowledge - represent the first experimental results for this quantity. 
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